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Abstract

A number of’ missionsin the future are planning to
usc GPSfor precision orbit determination. Cost
considerat ions and receiver availability make single
frequency  GPS  receivers attractive if the orbit
accuracy requirements can be met.

To put a rea boundon orbit accuracy at a 700 km
altitude, GPS data from the GPS/MET experiment on
Microl .ab 1 are processed as single frequency data. The.
G] 'S/MI iT experiment has a flight TurboRogue
receiver  on-board  making  dual-frequency  GPS
measurcments a an altitude of 715 km. The antenna

iS not zenith pointing, but points off to the side.
Orbits computed with the dual-frequency data have an
RMS component accuracy of better than 5 cmiin the
radialand cross track components and better than 10
cminthe along track component as indicated by orbit
overlaps and can be used as truth orbits for evaluating
the si ngle-frequency detet mined orbits.  Single-
frequency orbits for GPS/MIT have an accuracy of
better than 25 cm in radial anti cross tack
components and better than 70 cm in the along track
component.

GPS/MET isnot completel y representative of all the
possible flight scenarios. Its observing geometry is
probably poorer and the data set selected was taken
close to a minimum solar cycle resulting in less drag
and lower ionosphere ert ors. Sonic of these other
conditions are exarnined  with  covariance  and
simulation analyses. At the 700 kmm altitude,
covariance and simulat ion show that orbital accuracy
a the 20 cm 1 evelinrad i a anti cross track
components and 50 cm in along track is obtainable
with a10 channel single fi equency receiver.

Background

The fit st high quality duai frequency orbiting GPS
experiment was launched in August of 1992 on
Topex/iroseidon and yiclded accuracy of a few cm
with opserational data processing [Bertiger et. al.
1995, Muellerschoen er. al. , 1995]. Orbits for
Topex/PPoseidon arc onl y margina | 'y degraded when
single frequency data arcuseddue to its altitude of
1300 km (above most of the ionosphere) and well
modcled dynamics ( extensive tuning of the gravity




ficld, low drag, detailed solar pressure and thermal re-
radiation models ). Atlower altitudes, similar
accuracy may be obtained without more detailed force
modeling with a GPS receiver capable of observing
al GPSsatellites in view [Bertiger et al. , 1 995].
Accuracy at the cm level is not needed for many
missions and a significant cost savings may be
realized with single frequency flight receivers. Thusi t
becomes important tostudy the levelof accuracy
obtainable with single frequency GP’S tracking data.

GPS/MET

GPS/MLET offers a platform at a lower altitude than
Topex/Poscidon in which tovalidate GPS orbit
determinat ion. It carrics a dual-frequency 11 ight
version of tile TurboRogue receiver [Meehan, €t. al. ,
1995]. Si ngle fiequency performance may thus be
validated against higher precision dual frequency
determined orbits. 1nthis paper, we wiii first present
results ON the accui acy of the dual frequency solutions
and then compare the orbits obtained using only the
data at the 1, i frequency.

GPS/MET Orbit Characteristics

GPS/MEIT mbits the earth in a near circular orbit at
about 715 km. I'able I1listthe man orbita
parameters,

Table 1: GPS/MET Orbital Parameters

considered for processing  GPS/MET i n single
frequency mode. I1n comparing to the “rruth” dual
frequency orbits, it is important to eliminate periods
with significant data gaps., especia ly when using
reduced dynamic tracking methods. Table 2 lists the
data gaps in GPS/MET during the test period. Most
data gaps were not due to the flight receiver operation,
but to other spacecraft systems. Days without
significant data gaps include July i - 4 and October
18 - 20.

Altitude 715 km
Fecentricity .002

Period 99 min
Inclination 70°

Flight Data Characteristics

Data Gaps

GPS fright data collected during the two A'S off
periods, from June 23, 1995 through July 5, 1995
and October i 1, 1995 through October 22, 1995 were

Table 2: GPS/MET Data Gaps, June23 -

July Sand October 11 - October 22
Day Begin Gap Fnd Gap | Tength
(hrs)
hraminisee | hrimin:sec
June 23 | 16:26:0 18:4:10 1.6
June 24 65150 | 235420 1 | 7
June 25 0:6:40 10:16:40 4.2
June 25 16:36:20 0:31:50 | 78
June 2.6 l7:2,:40 9:21:0 23
June 26 15:14:40 15:44:50 0.5
June 26 15:52:0 17:38:0 1.8
June 27 15:5:40 1:45:10 11
June 28 14:21:20 16:1:30 1.7
June 29 15:17:0 15:52:40 0.59
June 30 N 5:46:50 9:42:40 39
June 30 “14:’3 1:40 16:21:50 1.8
duly5 14:7:10 17:41:10 3.6
)ctober 11 l(v:S():S() 10:48:50 4
)C‘_,lobcr 12 0:6:20 11:33:0 54
Yetober 15. 11:42:30 20:49:0 9.1
Xctober i 4 0:15:50 10:10:20 39
Xetober 15 5:31:10 9:25:30 39
Jetober 16 17:13:10 14:40:20 21
;ctobcr 2i ' 4:21:20 11:26:30 7.1




Number of Satellites Tracked

GPS/MET’s antenna is located on the. side of the
spacecraft pointing inapproximately the anti-velocit y
direction (Jig. 1 ) during the two AS off periods (
June 23 - July 5, October 11 - 22). The GPS flight
recei ver’s satell ite selection algorithm also all ocates
twoof its 8 channels to tracking satell itcs below the
local horizon for radio occultation experiments. For
Julyl - 4and October 18-20, the average number of
GPSsatellites tracked during each 5 minute period
and used for orbit determination was 4.4 (Table 3).
The average of 4,4 satellites is less than 6 possible
duc to the elimination of data with a signal path
lower than 600” km. This cutoff is chosen to
climinate possible excessive ionosphere ervors from
data with long paths through the ionosphere. Note
that the number of satellites tracked is significantly
worse than Topex/Poseidon which averages close to 6
with its continuously zenith pointing antenna
[Bertiger et. al. , 1995].

D

GPs Antenna

Fig. 1: GPS/MET Spacecr aft

Table 3: Average Number of GPS
Processed for Orbit Determination

Date Average #GPS Tracked
July 01 4.49
July 02 ‘ 4.45
July 03 ‘ 4.50
July 04 4.27
October 18 4.40
October 19 4.45
[)clobcet’ 20 4.50
Average 4.44

Flight TurboRoguc Data Noise

GPS pseudorange data atthe 1.1 frequency (L1 ) wi | |
have a thermal noise of about 5 mm when averaged
over 5 minutes whi le C/A pseudoarange is about a
factor of 3larger, 15 ymm. The 1.1 phase data with 1()
second averaging has a thermal noise of about .05
mm. In al cases, the flight P] data were smoothed to
5 minute data intervals with the aid of the carrier, The
software that currently performs this smoothing
eliminates the ionosphere using the dualfrequency
data, Some other sinoothing technique (- polynomial
fit ), would have to be used for true single frequency
data. Wc clo not believe that this would be a problem
and in the worst case a higher data rate could be used.
The duta type yiclding the. best single frequency
results was onc wc cal | Group and Phase ionospheric
Calibration (GRAPHIC) ((1,1+1'1) /2) ) data type
[Yunchk,1993]). Since the data noise on 11 is much
smalley than the noise on PIdata, GRAPHIC data
will have a data noise of 1/2 of” 1' I noise and an
undeter mined bias from the carrier phase data. Firrors
due to the ionosphere cancel in the G RAPHIIC data
type, since they arc of equal magnitude but of
opposite sign 011 1.landP1 data.

Truth Dual Frequency Solutions

Inorder to assess the accuracy of the single frequency
GPS/MET orbits, a “best” reduced dynamic [ Wu et
al 19915 Yunck et al., | 990; Bertiger et al.,1 995]
dualficquency solution was computed and used as the
tr uth solution in comparison to the. single frequency
solutions. A “best” reduced dynamic dual frequency
solution was deterinined by processing data from
Oclober 11 -22 and increasing the process noise for
the reduced dynamic accelerat ionsunt i 1 a minimum
was obtained i n the orbit overlap statist its, The
overlap stat ist ics for October 16 and October 17 wil |
be doniinated by the differences due to the large data
gaps on these days andwere not included. These
overlap satistics indicate that the solution has an
accuracy of approximately 5cmin at titude and cross
track components and better than 10 cm in along
track.

Dual Frequency Solution Strategy

Due to the limited number of satellites tracked by
GPS/MEIT and the. large number of giound stations




Table 4. Average RMS Overlaps October 11-22 (without October16/17)as a function of
process noise level

Process Noise Average RM'S Overlap Radial, Cross, | Average Velocity overlap Phase
Along Track (cm) Residuals
Radial, Cross, Along Track (mm/sec)

(mm)
() O 0 dynamic 22.8 9.64 87.4 0."/-12 0.101 0.225 37.3
1 010100 12.9 7.4 23 0-236 0.073 0.106 24.3
2020200 4.99 6.04 9.83 ().0762 0.062 0.056 235
4040400 47 4.29 8.82 0.0683 0.0443 0-0566 224
80 80 800 4.59 3.57 8.46 :0,0647 0.0378 0.0014 21.2
160 1 601600 5.84 4.86 11.2 0.0698 0.0484 0.0934 19.9

available for tracking GPS, the flight data will not
add much to the orbit determination of the GPS
spacecrat (. Si nee rapid turnaround is also desired the
quick-look GPS orbits and clocks [Muellerschoen et
al., 1 995] were held fixed in tbc solution for
GPS/MET’s orbit. The quick-look GPS orbits and
clocks are currently available on the internet
approximately 18 hours after the last datapoint. They
include 27 hours of data starting at 21 hours ad
going to 24 hours of the next day. Thus successive
data arcs have 3 hours of overlapping data from 21
hours to 24 hours. These GPS orbits generally have a
3-1) RMS accuracy of’ about30 cm during the data
arc.

holding all the GPS orbits and clocks fixed, dual
frequency I'-codc and phase data for GPPS/MIT are
processed at @ 5 minute rate using flight data from the
same 27 hour interval as tbc quick-look GPS orbits.
A data weight of 1() cm was used for the dua
frequency phase data with al.2 m weightfor the. dual
frequency P-code data. Solved for parameters include
spacecraft initial state (position and velocity), drag
coefficient, once per-rev empirical accelerationsi n the
along track and cross track directions, carrier phase
biases, and GPS/MIT clock. A solution with these
parameters wi Il bereferred to as a dynamic solution.
Two iterations arc performed on the dynamic solution
to remove any Imn-lineal effects. With the converged
nominal state, a furthet adjustment of all the

paraneters is made in tbc presence of additional
arbitiary stochastic accelerations in the radial, cross,
and along track components. The stochastic
accelerations have a5 minute time correlation with a
prom ss noise. of Sn, Sa, and Son nanometer s/sec’ in
radial, cross, and along tr ack components respectively
whei ¢ is varied by powers of two to search for the
minimum overlap.

‘1’able 4 shows that the minimum overlaps occur for
the p: ocess noise at the 80, 80, 800" nanometers/sec’
level The RMS overlap (RMS difference in
spacecraft position and velocity) for cacb pair of days
is computed from 2 Thrs 25 min to 23 hrs 25 min.
The 35 mi n tails arc deleted from each end of the 3
hours overlap to remove the edge effects inherent in
reduced dynainic processing.

Table 5 shows the overlaps for the October data and
tbc Jul y data without any large data gaps for the best
case process hoise. Itis these orbits that will be used
as truth to compare with the single frequency OrbitsS.

Single Frequency Data Processing

For single frequenc y data processing, the solution
scenario, adjusted iodel parameters and process noise
modcl for reduced dynamics were identical to the dual




frequency case. The only difference was the data types,
data weights, and the level of’ process noise. Two
differentsets of datatypes were tried.Inone case, the
I . Tmcasured phase was processed simultaneously
with the PIpseudorange as independent data types In
the othet case, the lincat combination of 1.1 phase. and
} 1 pseudorange was  formed to  eliminate the
ionospheric effccts (GRAPHIC data,(1.1421°1 ) /2)).

1.1, 1’1 Processing

Covariance analysis (below) as well as results
obtained with the EUVE satellite, [Gold, 1994a;
GOLD et al., 1994b] suggest that processing phase
and pseudorange data as independent data types will
not do as wc] | as GRAPH1 IC data processing. The
GRAPHIC approach is superior duc to its better

handling of ionospheric errors. One day, June 23, was
processed to verify this for GPS/MET. The best
orbits obtained with 1.1.1' 1 (independent) data were at
the few meterlevel for this clay while orbits
determined with GRAPHIC data were below ameter.

GRAPHIC Data Processing

Using the days without significant data gaps as a test
set, the reduced dynamic parameters were tuned asi n
the case of dualfrequency data. A data weight of 10
cm was used forthe 5 minute GRAPHIC data. Tables
6 -- 8 give the results for' the dynamic orbits and
reduced dynamic orbits with levels of 5, 5, 50, and
10, 10. 100 nanometer s/see* in the radial, cross, and
along track components. Accuracy of the solutions is
determined from consparison to the dual fiequency

Table §: Reduced Dynamic Dual Frequency Orbit Overlaps, Process Noise 80, S(), 800
nanometer s/scc’in Radial, Cross,and Along Track

Date Radial ~ Cross ‘Along  Radial  Cross Track Along Track

i Track 'ﬁ‘apk Velocity . Veloéity Velocity

q (ew) em)  (mmisec) (mm/sec) (mm/sec)
95jun30/95jul0] 4.96 2.87 11.2 0.113 0.0334 0.0651
95jul01/95jul02 3.54 1.55 5.87 0.0201 0.0148 0.0551
95jul02/95jul03 4.16 6.93 14.9 0.136 0.0739 0.0666
95jul03/95jul04 4.49 5.97 8.61 0.0839 0.0503 0.0459
95jul04/95jul05 9.4 15.3 7.92 0.151 0.165 0.111
950¢ct]11/950ct12 2.71 1.66 4.6 0.0451 0.022 0.0669
950c¢t12/950ct13 2.71 4.53 5.73 0.0298 0.0504 0.0318
950ct13/950¢t14 2.51 6.89 8.15 0.07 0.0693 0.0516
950ct14/950ct15 9.3 3.72 10.2 0.11 0.0384 0.0997
NSoctl5/950cl16 4.03 2.31 7.38 0.0556 0.02"/2 0.0647
950ct17/9soct 18 5.03 24 9.58 0.0523 0.0237 0.0724
950ct18/950¢t19 2.4 2.17 3.82 0.056 0.0295 0.0152
95(Jct19/9soct20 7.69 3.68 22.2 0.135 0.0307 0.104
950c120/950¢12 | 4.04 3.09 7.45 0.0411 ().0381 0.0484
950ct21 /9506122 5.47 5.28 5.49 0.0521 0.()488 0.0595
Average 483 4.56 8.87 0.()-/67 0.047°1 0.0639




truth orbits. The 5, 5, 50 results show an accuracy of about 25, 15, and 7( | cmin radia, cross, and aong
track components.

Table 6: Dynamic GRAPHIC Orbit Comparison to Dual¥requency Troth Orbits

95jul0l 23 11.8 71 0.677 0.131 0.253

95jul02 26 13.4 68.9 0.526 0.171 0.283
95jul03 28 17.5 711 0.617 0.224 0.31

95jul04 26.7 24.2 708 0.565 0.289 0.293
950ct18 18.7 14.9 63 0.566 0.18 0.205
950ct19 20.5 16.4 124 1.2 0.151 0.277
9S0ct20 29.1 12.8 69.6 0.49 0.134 0.319
Average 25.4 15.9 78.6 0.66 0.179 0.276

I"able 7: Reduced Dynamic GRAPHIC Orbit Comparison to Dual¥requency Troth Orbits,
Process Noise level: 8,5, 50 nanometers/se¢” radial, cross, along track

Date Radia Cross. Along  Radial  Cross Track Along Track
e Track: - Track » Velocity Velocity Velocity
{cm): Coem) (mim/sec) (mm/sec) (imm/sec)
95jul0] 31.4 111 85.6 0.672 0.122 0.34
95jul02 321 12.1 79.6 () 585 0.152 0.336
95jul03 25.2 19 745 0.619 0.237 0.27
95jul04 30.7 21.2 834 0.678 ().253 (-332
950ct18 17.7 23 54.2 0.45 0.113 0.193
950ct19 15.3 15.8 39.3 0303 0.163 0.158
950c120 20.6 10.1 55.9 0441 0.101 (.2.24

Average 24.7 14.5 67.5 (1535 0.163 0.264




Table 8: Reduced Dynamic GRAPHIC Orbit [comparison to DualFrequency Truth Orbits,
Process Noiselevel: 10, 10, 100 nanomcters/sec? radial, cross, along track

Date ' Radial  Cross  Along .,'Radiyavl_' Cross Track Along T.rack

; o (cm)’ . | Frad\ Track yi\ifeloichity: (Zi:;fgg) | | Velocity

o em ey (omfsee) T (mvsed)
95jul01 31.8 10.9 84.3 0.65 0.121 ().342
95jul02 w3 115 803 0,59 0.146 0.338
95jul03 ;26 13.8 76.7 0.637 0.188 0.279
95104 207 211 806 0.055 0.251 0.32
950ct18 i 57 67.6 0.555 0.144 0.243
9500119 168 135 432 0.333 0.142 0.165
a5act20 24.8 12.5 63.6 0.479 0.125 0.27
Average 26.3 14.1 70.9 0.557 0.16 0.28

The amountof process noise that can be added is
limited by the data quality and unmodeled systematic
error sources. An cxamination of data residuals can
yield some clues as to the I imit ing error  sources.
These clocs point to multipath errors.,
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Fig. 2, Reduced Dynamic Dual Frequency
Phase Residuals

GPS/MET Post fit Data Residuals

A representative set of post fit residuals was plotted
for data t aken on October 18 by the GPS/MI:T

receiver. Shown in 1 ig. 2 — FKig. 4 are the dual
frequency phase and pseudorange residuals along with
the corresponding best reduced dynamic GRAPHIC
postfit data residuals
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Fig. 3, Reduced Dynamic Dual Frequency
Pseudorange Residuals

Assuming }'1 and 2 have about the same data noise,
dual frequency pseudorange residuals duecto either
thermal noise or multipath are expected to be about3
times larger than those for GRAPHIC due to the. dual
fi cquency data combination  (+/2.54%+ 1.542).
Another factor of 2 results from the fact that



GRAPHIC observables are dominated by the noise in
1'1 divided by 2. So there should be a scale factor of -
6 overall when comparing dual frequency pseudorange
residuals and GRAPHIC residuals —- at least for
residuals duc to thermal effects or multipath. The
observed dual frequency pseudorange residu as arc a
| ittle more than a factor of 6 larger than the
GRAPHIC data residuals. All other error sources that
wc are cuirently aware of do not scale in this way,
but would rather be of the same size for al data types
(spacecraft position for example). Since thermal noise
isbelieved to be much smaller than multipath noise,
we conclude that the most likely dominant error
Soil reefor  GPS/M | T data processed with the.
GRAPHIC technique iS multipath
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Fig. 4, Single Frequency Reduced Dynamic
GRAPHIC Residuals

Covariance Analysis for Low
Earth Orbiter (LEO) Orbit
Determination’

The covariance analysis provides a useful complement
to the real data GPS/MIT studies for several reasons,
First, the GPS/M (T spacecraft has a different
viewing geometry than other spacecraft with zenith
point i ng GPS antenna and can sec difl erent
combinations of GPS satellite.s. Second, the
ionosphere and dynamic errors encountered by other
spacecraft may be larger than those encountered by
GPS/MET. The following, covariance analysis
attempts to provide a conservative assessment of the
potential orbit determination capability with single
frequency data under a more general observing
conditions anticipated for most spacecraft,

The nmodels for the analysis are summarized in Table
9. Note that conservative assumptions WCre made on
ionosphere and dynamic errors. The larger dynamic
modeluncertainties dictate a reduced dynamic tracking
on] y. No dynamic tracking was attemped. Two cases
were studied.

Case 1: Two antennas, one zenith and
one nadir pointing, each limited to
observing up to 5 GPS at a time

The two antennas provide @ nearly full observing
window. Since obseivations of GPS below local
horizam are hamapered by strong  ionosphere  effects,
GRAPHIC ionosphere-removing technique is used.

The reduced dynamic Orbit determination with
GRAPHIC ionosphere-removing technique is, in this
covariance analysis. accurateto ().5 m in-track, better
than ().2 m cross-track and radial, as shown in Fig.5.
Without using GRAP} HIC ionosphere-removing
technique, the orbitaccuracy is only good to 10- 20
m, as shown in lig.6 (carrier phase data arc do-
weighted & 50 cm to account for larger ionosphere
effect). The major crro source is the ionosphere

(Fig.7).

Case 2: Single zenith pointing antenna
with a highly restricted #45° field o f
view, limited to observing up to 5 GPS
at a time

The limited field of view simulates, again on the
pessinmistic side, a single antenna on a satellite which
may turn sideways from time to time, Reduced-
dynamic filtering is used to reduce drag and gravity
errors

With data noise weights of 1.5 m pseudorange and
1.5 c¢m carrier phase (dc-weighted at 30 cm for
ionosphere effects) at 5 minute intervals over 24
11 wrs, the orbit can be determined to better than 2 m
i nall three components (radial and cross-track
components are better than 1 m), as shown in Fig. 8.
With ( iRAPHIC ionosphere-temoving technique, the
jonosphet e-removed corn bined data are equivalent to
phase measurements with 55 cm misc. The orbit is
only good to about | S in-track, 3 m cross-track and
radial, as shown in Fig.9.




‘1l’able 9. Covariance Analysis Models

ipoch Satellite Orbit Elements

Semi-major axis 7058 km
Ficcentricit y 0.0012
inclination 98.11¢
Argument of Periapsis 90"
Right ascension 330°
Mean anomaly o
atellite Body
Body Shape: sphere
Area: 8 m?
Mass: 817 kg
['racking Scenario
Ground tracking sites: 12 global sites
Datatypes: I.1pscudorange and carrier phase on 1.1 :0
1,1 -1.? pseudorange and carrier phase on grounc
Datarate: every 5 minutes
| >ata span: 1day
filtering Scheme
Estimated parameters: 1 .EO epoch position and velocity

GPS epoch positions and velocities

white- noise clock biases

carric) phase biases

random-walk tropospheric delays
irror Models

Data noise: 1.5 mpseudorange on 1.EO
1.5 cin carrier phase on1.1:0
0.5 m pseudorange on ground
().5 ¢ carrier phase onground

lonosphere: 100% Bent Model wit h an 1 ipochof
March 2.1, 1992 (ncar solar max)
Troposphere: 20 ciiconstant zenith delay;
5 cm/day random-walk variation
Station location: 5 Cm each component
Atmospheric drag: 50 %
Solar radiation pressure: 50 %
Liarthre-radiation pressure: 50 %
Gravity: 50% of truncated (50x50) difference

between WGS 84 and JGM3 models
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Fig. 6. Results of covariance analysis
with two antennas without
GRAPHIC ionosphere removing technique

Summary

An RMS accuracy of better than 25 cm in the radial
and cross track components and better than 70 cniin
the along track component nas been demonstrated for
single frequency orbit determination for GPS/MET as
compared to dual frequency truth solutions using
reduced dynamic tracking and the GRAPHIC data
combination. The dualfrequency truthsolutions have
an RMS accuracy of about 5 cmiin the radial and

cross-track components and 10 ¢m in the along track
component,

lonos

Sta_Loc

Grayv

Sol_Rad

Tota' Orh®* Eror Im)

Noise

Drag

/ééj////////////////////
T

Z&Nith & nadir antennas each ‘observing up to 5 GF's
1 -day tracking from 12 stations

0.1 pm/sed reduced-dynamic tracking

%

0.2 04 0.6 08 1

1-day Average 3-D RSS Orbit Error (m)

(=2
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covariance analysis with two antennas
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Fig. 8. Resulls of covariance analysis
with single antenna without GRAPHIC
ionosphere removing technique
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Fig. 9. Results of covariance analysis
with single antenna and GRAPHIC
ionosphere removing technique

Covariance/simulation analysis indicates that with
two antannas simultaneously observing up to10
GPS satellies and the GRAPHIC technique, the orbit
can be determined to S0 ¢ in the along-track
component, better than 20 cm cross track and radial
Components. With a single antenna observing up to 5
GPSsatellites above 45° elevation, the ionosphere
effects are much lower and GRAPHIC technique is
notneeded. The orbit accuracy is better than 2 min
the aong-track component and better than 1miin the.
radial and cross-track components.
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